INTRODUCTION
Infection of adult mice with lymphocytic choriomeningitis (LCM) virus either leads to illness often resulting in death or runs a subclinical course. Surviving animals eliminate the virus and are protected against an otherwise lethal challenge inoculation. Murine LCM as well as virus clearance and protective immunity are all T lymphocyte-mediated immune phenomena, and the same is true for delayed-type hypersensitivity (DTH) and cellular cytotoxicity in vitro (for review, see Buchmeier et al., 1980; .
Intra-uterine transfer of LCM virus from the infected mother to unborn mice or experimental inoculation of the virus to newly born mice is usually well-tolerated. These mice do not clear the virus but remain persistently infected. Also, challenge with LCM virus has no harmful consequences, DTH cannot be elicited, and cytotoxic T lymphocyte (CTL) activity is absent. With respect to the T cell compartment, LCM virus carrier mice fulfill all the criteria of immunological tolerance; elimination of clones is the most likely mechanism, but the details are not known (for review, see .
As part of our attempts to elucidate the virus-specific immunological unresponsiveness of carrier mice, we have begun analysing a phenomenon which has been known as 'pre-zone' since 1936 (Bengtson & Wooley, 1936) . As a rule, mice die when infected by intracerebral (i.c.) inoculation with LCM virus. One exception is the paradoxical survival after infection with high doses of virus (Bengtson & Wooley, 1936; Hotchin & Benson, 1963;  high virus doses reduced the titres of infectious virus in spleen cell homogenates less than twofold and less than fourfold respectively. In a repeat experiment, sera were employed from mice 25 days after their infection with 102 and 107 IU, and these did not at all affect the virus titres of infected and disrupted spleen cells. We conclude that loss of infectivity from organs of LCM virus-infected mice due to the presence of neutralizing antibody need not greatly concern us.
Adoptive transfer of spleen cells and irradiation of recipient mice. Spleen cells were separated with a pair of forceps into HBSS supplemented with 1% calf serum. When desired, B lymphocytes were removed by use of nylon wool columns (Julius et aL, 1973) . Nucleated 'viable' cells were counted with a haemocytometer, viability being based on exclusion of trypan blue. Mice were whole-body irradiated with 250 rad or 850 rad of 200 kVp X-rays (0.5 mm copper filter) at a dose rate of 400 rad/min.
Methods for measuring immune responses in mice. In the 51Cr release assay for determining CTL, target cells were L cells 48 h after infection with LCM virus, effector to target cell ratio was 32 • 1, and incubation was for 14 h at 37 °C. Maximal and spontaneous releases were determined, respectively, after freezing and thawing three times the contents of four cultures and after incubation of four cultures containing target cells only, and the percentage specific release was calculated with the formula Release in the presence of spleen cells --spontaneous release % 5~Cr release = × 100 Maximal release -spontaneous release
The footpad reaction (FPR) (Hotchin, 1962) was quantified according to Lehmann-Grube & L6hler (1981) . The degree of swelling is expressed as the ratio obtained by dividing the mean of thicknesses of inoculated right feet by the mean of thicknesses of left (control) feet. In non-immune mice, thickness does not increase before the fifth day, and in such animals the left foot remained without inoculum. When secondary responses were determined, the left foot received 0.03 ml of diluent.
Neutralizing antibody was measured by a plaque-reduction test (Kimmig & LehmannGrube, 1979) , and the titre is defined as the reciprocal of that serum dilution which, as calculated by linear interpolation, reduced plaque numbers by 50% in comparison with controls. In our test for measurement of complement-fixing (CF) antibody (Gschwender et al., 1976) , the titre is defined as the reciprocal of that serum dilution which, with antigen in excess, binds enough complement to inhibit the lysis of a given quantity of sensitized sheep red blood cells (SRBC) by about 50%.
RESULTS
High virus dose survival of CBA/J mice CBA/J mice were infected by i.e. inoculation with either 10 z or 10 7 IU of strain WE LCM virus and deaths were recorded (Table 1 ). Most of the animals which had received the smaller dose died. When the inoculum contained 105 times more virus, the death rate was significantly lower. Thus, as other mouse strains, CBA/J mice exhibit high virus dose survival.
High virus dose survival is observed with mice infected by i.c. inoculation. Hence, this route should have been chosen to study the role immune responses play in this phenomenon. However, after i.c. infection with LCM virus, many mice were dead by day seven, and in order to allow experimentation during longer time intervals, mice were infected i.v. A priori, this change of route of inoculation seemed permissible on the ground that in the case of i.c. administration, also, the greater part of the inoculum immediately enters the circulation (Cairns, 1950) , and it is undoubtedly this part which initiates the immune response. If this 
Cytotoxic T cell response in mice infected with high or low doses of virus
Already published experiments (Cihak & Lehmann-Grube, 1978; Lehmann-Grube et al., 1981b) have shown that in mice infected with high doses of strain WE virus, the CTL response was comparatively low. In the meantime, this observation was confirmed in numerous similar experiments in which the cytotoxic activity of spleen cells of CBA/J mice against LCM virus-infected syngeneic target cells was measured after their i.v. infection with 102 or 107 IU. Consistently, the lower dose led to strong and characteristic CTL activity, whereas after inoculation of 105 times more virus the response was abortive; sometimes mice infected with 107 IU did not respond at all. In order to obtain information as to the dose required to reduce CTL activity, CBA/J mice were infected i.v. with different quantities of virus. Activities were high in mice infected with 10 ~ IU, slightly lower in mice infected with 105 IU and virtually absent in mice infected with 107 IU (data not shown). Apparently, at least 105 IU are needed for suppression. 
Footpad reaction in mice infected with high or low doses of virus
Groups of mice were infected i.v. with 102 or 107 IU. Immediately afterwards, these, together with mice of a third group which had not received virus i.v., were given 104 IU into the right hind foot and at intervals the thicknesses of both feet were measured. The parallel i.v. inoculation of 107 IU all but abolished the footpad swelling caused by 104 IU (Fig. 1 ).
Humoral responses in mice infected with high or low doses of virus
LCM virus-specific cell-mediated immunity (CMI) as expressed by lethality, CTL response, and FPR is all but abolished in mice infected with high doses of WE strain virus (always in comparison with the effects of low doses). This contrasts markedly with antibodies which, as has been shown previously, are produced in reverse (Kimmig & Lehmann-Grube, 1979) . The humoral response of CBA/J mice against LCM virus was determined again. The results (Table 2 ) fully confirm our previous observations. Both neutralizing and CF antibodies were much higher in mice infected with high doses than in mice infected with low doses.
Multiplication of LCM virus in spleen after infection with high or low doses of virus
Mice were infected i.v. with 102 or 107 IU of virus and, at intervals, IU in spleens were determined. The results from three experiments are presented in Fig. 2 . With the large dose, highest concentrations were found as early as 24 h after infection and these remained essentially unchanged until the sixth day. When 102 IU had been inoculated, maxima were attained later, but on the sixth day they were just as high as after infection with 105 times this quantity. On the eighth day, elimination was well under way, infectivity disappearing slightly slower from the mice which had received 107 IU. increased numbers of T lymphocytes leading to their destruction and/or functional inactivation. An experiment was performed in which mice were infected i.v. with 102 or 107 IU, and 2, 4, and 6 days later their spleens were dispersed, phagocytic elements were removed, and cells were assayed for IC. More were found when the inoculum had contained the greater quantity of virus, but in both groups of mice the numbers of IC were not affected by prior treatment with anti-Thy 1.2 antibody and complement (data not shown), indicating that T lymphocytes had not participated in the infectious process even when the infectious dose had been as high as 107 IU.
Search for infected lymphocytes in spleens of mice infected with high or low doses of virus
We have previously reported that T lymphocytes in acutely infected adult mice are resistant to LCM virus and that the few IC found in the spleens of such animals probably represent contaminating macrophages and related elements and perhaps also fibroblasts and endothelial cells. Their disruption led to release of infectious virus, meaning that they are productively infected (Tijerina et al., 1980) . In contrast, the infectious lymphocytes found in LCM virus carrier mice lose their potential to score as IC if treated with ultrasound prior to plating (Doyle & Oldstone, 1978; Popescu et al., 1979) . On this basis we performed the following experiment. Mice were infected i.v. with 102 and 107 IU. At intervals, their spleen cells were assayed intact for IC and sonicated for IU. Portions of each spleen were homogenized and titrated for total infectious virus. The results of one such experiment -fully confirmed when repeated -are depicted in Fig. 3 . Numbers of IC closely followed total virus concentration. Initially, there were more IC after infection with 10 7 IU, but on the fifth day their numbers were closely similar to the numbers appearing after infection with 102 IU. Whether the inocula had contained high or low virus doses, always fewer than 0.1% of the spleen cells scored as infectious. The finding that the sonic disruption of cells increased rather than decreased the titres indicated that the infected cells were not T lymphocytes. 
T cell responses to additional virus inoculations in mice previously infected with high or low doses
The cytotoxic T cell activities of spleen cells of mice having undergone infections with high or low doses of WE strain virus were tested after challenge. Attempts to elicit responses with 102 IU failed consistently in both groups. When the dose was increased to 107 IU, several experiments differing only with respect to the time intervals between first and second virus inoculations led to closely similar results. There was always a characteristic anamnestic response in mice which had received 102 IU 1 to 4 months (time intervals tested) prior to challenge. In contrast, cytotoxic activity remained at low levels in mice which had been inoculated on either occasion with 107 IU, although a slight increase was sometimes observed (data not shown). The same was found with respect to the FPR. In four out of four experiments accelerated swellings were evoked in mice which had received 102 IU of virus by i.v. inoculation 60 to 70 days (time intervals tested) previously. In contrast, when the primary infection had been established with 107 IU, the subsequent inoculation of 107 IU led to a transient swelling at 6 h, but no enlargement became demonstrable at 24 to 72 h (Fig. 4) . Also, no CTL activity was elicited when challenge was attempted by intraperitoneal inoculation (i.v. inoculation killed the recipients) of 2 × 107 virus-infected syngeneic primary fibroblasts containing (as revealed by parallel titration after sonication of the cells) more than 10 8.5 IU (Fig. 5) or by i.v. inoculation of 10 s spleen cells from CBA/J mice which had been infected 3 days previously containing more than 10 7 IU (data not shown). Nor did the repeated inoculation of 107 IU at monthly intervals (up to five times) induce cytotoxic activity (data not shown).
Detection of memory T cells in mice after their infection with high doses of LCM virus
Failure to induce secondary responses after primary infection with high virus doses might have one of two possible reasons: (i) LCM virus-specific T lymphocytes are eliminated or (ii) they are present but suppressed. Mice were infected with 10 2 or ]0 7 IU and 57, 58 .... 61 days later their spleen cells were enriched for T cells and inoculated i.v. together with 107 IU of virus into X-irradiated (850 rad) recipients whose cytotoxic spleen cell activities were determined in one large test. The results (Fig. 6) were clear-cut: whereas direct challenge of mice previously infected with 107 IU failed to activate CTL, transfer of their spleen cells revealed that T cell memory had nonetheless been present and was as high as in mice previously infected with 102 IU. This experiment was repeated several times with modifications consisting of use of spleen cells not enriched for T lymphocytes and prolongation of the interval between infection of donor mice and transfer. Spleen cells from irradiated recipients of suppressed spleen cells (donors previously infected with 107 IU) consistently expressed cytotoxic activity, although sometimes lower than spleen cells from recipients of responding spleen cells (donors previously infected with 102 IU).
These results led to the question as to how soon after infection with high virus doses activation of CTL was demonstrable. Mice were infected with high and low virus doses, and 9, 15, 29, 43 and 57 days later 108 of their spleen cells were transferred i.v., together with 107 IU of virus, to irradiated (850 rad) recipients whose CTL activities were then determined on the third, fourth and fifth day. In every ease, marked responses were observed with cells from recipients irrespective of the interval between infection of donor mice and transfer of their cells and irrespective of the dose of virus with which the donor mice had been infected. A further experiment of the same kind, in which the interval was 10 days, led to essentially the same results (data not shown).
Active suppression of cytotoxic T cell activity in m&e infected with high virus doses
The findings described in the previous section were interpreted to mean that in mice infected with high virus doses LCM virus-specific memory CTL are present but suppressed. This conclusion was examined more directly as follows: CBA/J mice were immunized by infection with 102 IU of virus and 30 days later their spleen cells were transferred together with virus either to CBA/J mice infected with 107 IU 80 days previously (suppressed mice) or to normal mice, each animal receiving 108 cells and 107 IU of virus i.v. When the CTL activities were measured 5 and 7 days later (Fig. 7) , they were low when suppressed mice had received cells from immune mice but high when normal mice had received such cells. This experiment was repeated twice with minor modifications leading to closely similar results; obviously, infection with high quantities of LCM virus results in active interference with CTL and probably CMI in general. 
Search for suppressor cells in mice whose cell-mediated immunity was suppressed by infection with high virus doses
One explanation for the block barring the differentiation of LCM virus-specific memory cells into effector CTL was preferential activation of suppressor cells. This possibility was examined by i.v. transfer of lymphoid cells from mice previously infected with l07 or 102 [U together with virus to recipients whose CTL activity was then tested. Several experiments were performed which differed in time interval between infection of donor mice and their use (37 to 70 days), number (107 to 108) and source (spleen, lymph nodes, thymus) of cells, pretreatment of recipient mice (X-irradiated with 250 rad or no treatment), and quantity of challenge virus (104 or l05 IU). In not one case was there even a hint that suppression of LCM virus-specific CM! could be transferred. In other words, whether lymphoid cells came from suppressed mice (previously infected with 107 IU) or from responding mice (previously infected with l02 IU), the CTL responses of recipients to challenge virus were closely similar. In Fig. 8 one experiment of this kind is depicted for illustration.
DISCUSSION
In comparison with mice infected with low or intermediate doses of strain WE LCM virus, high doses greatly depressed lethality, DTH (footpad reaction to LCM virus), and LCM virus cell-mediated cytotoxicity. Since all these phenomena are T cell-mediated (see Introduction), it is likely that high virus dose survival is but one aspect of general LCM virus-specific T cell suppression.
High virus dose survival has been known for over 40 years (Bengtson & Wooley, 1936 ) and an inverse relationship between virus dose and cytotoxic T cell response had been noted by Doherty et al. (1974) and Cihak & Lehmann-Grube (1978) and studied by Dunlop & Blanden (1977) . A satisfactory explanation, however, has not been given. Our observations show that suppression is long lasting. Since memory was found to be present, we conclude that suppression of CMI in mice infected with high doses of virus does not result from loss of relevant cells, and since activation of memory was impeded when cells from immune mice (previously infected with 102 IU) were transferred to suppressed mice, although it was effectively stimulated when transfer was to normal mice, we conclude that suppression is active.
Presence of (blocked) LCM virus-specific memory cells and ability to eliminate the virus clearly differentiate adult mice surviving acute infection with large quantities of virus from LCM virus carrier mice. Hence, the underlying mechanisms are probably not related. Our observations also effectively invalidate explanations given in the past for high virus dose survival and related phenomena such as mutual destruction of CTL which are both infected and cytolytic for CTL (Dunlop & Blanden, 1977) and dilution of CTL due to extensive replication of the agent throughout the body resulting in their dissipation in various tissues (Zinkernagel & Doherty, 1979) . More probably, the suppression in mice of LCM virus-specific CMI by high virus doses is an expression of immune regulation. As to the mechanism, with present knowledge we can only speculate, but since all attempts at demonstrating suppressor cells in these animals have failed and since an inverse relationship exists with respect to cell-mediated and humoral immune responses in mice infected with high and low doses of virus, probably some antibody plays an important part.
Similar patterns of immune responses are seen with other immunogens, for instance SRBC: low quantities induce in mice DTH but little antibody, whereas large quantities have the opposite effects (Mackaness et al., 1974) . There is, however, a fundamental difference between both these systems, which makes us reluctant to directly apply knowledge obtained for the much better studied interaction between foreign red blood cells and mouse to the LCM virus-infected mouse. The number of SRBC inoculated is probably a direct measure of the quantity of immunogen which exerts its effects in vivo. In contrast, the LCM virus replicates in the recipient host and the dose which eventually accumulates is different from the one which had been administered, a statement well illustrated by the data in Fig. 2 . Assuming that the number of IU correlates with the amount of effective immunogen, essentially identical concentrations were attained irrespective of the initial inoculum, and it is only the time periods needed for reaching maxima which varied. Thus, the difference of the quantity of infectious virus during the first few days after infection and not the total amount attained determines how the mice respond.
This leads to the question whether the marked immunological dissimilarities in mice infected with high or low doses of LCM virus are merely quantitative or whether they point to fundamentally divergent mechanisms; after all, a mouse is probably not equipped by nature to cope with an infectious dose of 107 IU of LCM virus. Cytolytic T cell activity is not entirely absent in mice infected with high virus doses; rather, a low degree was often seen between days 5 and 7 (but never on day 9). Natural killer cells could not be detected in these animals (F. Lehmann-Grube et al., unpublished results), and it is likely that CTL precursors are stimulated and function for a brief period of time. In fact, our experiments indicate that they can be stimulated almost as effectively as in mice infected with 102 IU because transfer experiments 9 and 10 days after infection did not reveal marked differences between both groups of recipients.
Nor is the putative suppressor mechanism necessarily unique for mice infected with high virus doses. Already 8 to 9 days after infection with 102 IU, lytic activity begins declining, although the concentration of infectious virus (and presumably of effective immunogen) is still very high. This early loss of CTL activity, also, is best explained by active regulation. Also, long-lasting immunological hyporesponsiveness to challenge is found, albeit to a much lesser degree, in mice infected previously with low virus doses. In these animals CTL activities elicited by second inocula appear faster but remain lower than after primary infection (Zinkernagel & Doherty, 1979; F. Lehmann-Grube et al., unpublished observations) . Thus, all our findings are compatible with the assumption that the differences of immune responses of mice infected with high and low doses of virus are quantitative, being the consequence of differences of time of appearance and magnitude of some regulatory mechanism.
The interplay of T cells and the products of B cells in LCM virus-infected mice will be discussed on the basis of further data in a forthcoming publication. Here we wish to present a case against the possibility that challenge virus is blocked by neutralizing antibody which, as will be recalled, attains higher concentrations in mice infected with 10 7 IU than in mice infected with 102 IU. Findings presented in this communication as well as results from numerous experiments especially performed to clarify this point (F. Lehmann-Grube et al., unpublished results) have all led to the conclusion that suppression of CMI in mice infected with high virus doses is not caused by lack of exposure of the immune system to virus immunogen due to neutralization of challenge virus. The details need not be presented because one observation alone effectively militates against such a mechanism. In mice which had been infected with high doses of strain E-350 ('Armstrong') virus anamnestic cellular immune responses are greatly depressed (Lehmann-Grube et al., 1981b) despite the fact that in these animals neutralizing antibody is hardly detectable (Kimmig & Lehmann-Grube, 1979) . We hasten to add that inability to demonstrate this type of immunoglobulin is not interpreted to mean that it is absent. It does mean, though, that its concentration is lower than the one following infection with 102 IU of WE strain virus which allows anamnestic responses to proceed.
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